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ABSTRACT

The ligand triethanolamine, 2, 2', 2" - nitrilotriethanol,
forms air - stable, crystalline complexes with the hi- and the
trivalent transition and representative metal salts from chromium
to zinc.

These compounds have not previously been isolated and

characterized.

They have the general formula:
M(NTEH3 )(NTEHn ) Xm ,

where X is Cl

or CH^COg-, and n is 2, 3; m is 1, 2 or 3* respec

tively, depending upon the charge on the central metal cation, and
on the value of n.
Analytical and spectral data indicate that the metal is six
coordinate in these compounds when the cation has unfilled 3 d
subshells.
These compounds are all of the high - spin type.
Electronic reflectance and paper - mull spectra of the brightly
colored species support the octahedral, 0^, formulation within the
metallic - polyhedron, but an actual overall

point group for the

entire monomeric group assemblage.
The relative infrared hydroxyl band intensity ratios provide
direct evidence that the two axial positions in the monomers are
occupied by the more basic nitrogen donor groups, and that the four
equatorial positions are occupied by oxygens from the ligands.
The far infrared spectral bands corroborate the assignments
made in the high energy range.

Conductance data indicate a 1 : 3 electrolyte in the case of
CrfNTEH-^gClg and Fe(NTEH^^Clg; a 1 : 2 electrolyte in the case of
a nearly 1 : 1 electrolyte in
-ft
the case of MfBTEH^)(NTEHg^Ac., Cug(NTEHg)2 ^ 2
CufNTEH^^C^ •
CofNTEH^JgC^ and NitNTEH^gClgj

•*The symbols KTEHU and NTEHg represent NCcHgCf^OHjg and
TT(CHgCH^OH)gCCHgCHgO)", respectively.

Dedicated to Epistemology

CHAPTER I

INTRODUCTION

One of the most fruitful developments which has taken place
in recent years in the field of coordination chemistry has been the
investigation of the completing properties of polydentate ligands.
The purpose of this work has been to provide an extended study
of complexes formed by polydentate ligands with different donor atoms,
of transition and representative metals using triethanolamine, 2 , 2 f,
2", - nitrilotriethanol, (TEA or NTEH_), as a ligand.
3
The ethanolamines have a great number of industrial applica
tions and triethanolamine itself has many uses as a commercial product.
It has been patented as a surface - active agent, corrosion inhibitor,
cross - linking agent, plasticizer, etc.

It has been used for a

coordinating agent with a number of metallic ions.

No meaningful

detailed structural studies had been attempted on the isolated products
of its coordination complexes, until this present work.
At present several powerful physical methods are available for
elucidating molecular structures.

These techniques fall into several

categories. Some of them yield fragmentary information concerning
groups of atoms within a molecule, others give detailed structural
data about the whole molecule and still others can produce both kinds
of information.
The physicochemical techniques employed in the present studies
included x-ray diffraction, near and far infrared spectroscopy, ultra

2

violet and visible spectroscopy, magnetic susceptibility and conductance
measurements.
Triethanolamine is uncommon as a ligand and in its complexes
one is able to study the effects of mixing two types of donor atoms
of high electronegativity, oxygen and nitrogen, within a constant
geometric framework.

High-spin complexes of transition and repre

sentative metal ions can be formed by ligands having donor atoms
that are high in electronegativity and low in w-bonding ability.
Only a limited amount of vibrational spectral data are avail
able in the literature with respect to the band-assignments for metalalcohol complexes,

2

and the present study provides band assignments

for the three different hydroxyl fundamentals which are observed in
the stretching region of the infrared mull spectra.

These bands

represent "associated" and "free" hydroxyl group vibrations for the
combined and the uncombined normal modes of the hydroxyl functions
with the skeletal polyhedra within the complexes.

The band intensity

ratios, found in the infrared region, yield unique information for
assigning coordination numbers, because triethanolamine complexes
exhibit pure intra-molecular hydrogen bonding; therefore, the number
of free and coordinated hydroxyl groups per mole of complex is fixed.
The ethanolamines can coordinate through either oxygen or
nitrogen.

Tettamanzi and Carli found that triethanolamine forms

addition compounds of the type MXg'SNCCHgCffl^OH)^, ^nere M is Co, Ni,
Cu, Cd, Pb, Ca, Mg, or Sr.

Some of these compounds are hydrates.

Ho structural studies have been made on any of the above complexes.
Previous workers in this area have been satisfied with speculation

3

about their structures from bulk studies of solution equilibria.
Development of ligand field theory, interpretation of d-d electronic
spectra and metal-ligand vibrational spectra, and refinement in
instrumentation today enables one to gain an almost direct insight
into atomic and molecular processes and structure.
Later work of Tettamanzi and Carli, even without the present
sophistication in technique and theory, showed that when cobalt,
copper or zinc is used as the central atom, a hydrogen from one of
the coordinated hydroxyl groups can be replaced entirely by the
If
metal.
Miller has prepared some crystalline derivatives of bismuth
triethanolamine and assigned formulas from the analytical data.

The

latter two papers exhibit a feature which is common in alcohol com
plexes.

They show two distinctively different types of bonding.
H
One type involves a pure coordinate metal-oxygen bond, (M-O-R), in
the classical sense, and the other a covalent bond with alkoxy oxygen,
(Mt-O-R).

The

loss of a proton is due to the basicity of the adjacent

groups, and/or of the medium in which the reaction has occurred.

In

the present studies we have found alkoxide bonding to occur in the
reaction of nickel acetate and also zinc chloride with triethanola
mine.

Das Sarma, Tennerihouse and Bailar have published a paper on

the ligand

.

w^ ctl they have shown that it can

coordinate as tridentate, and in basic solution the hydroxyl group
loses a proton.

f

Das Sarma and Bailar have extended this work recently
f
and their results will soon be available in a publication.

f

Private Communication

In recent years a number of workers have thoroughly investi
gated the first row transition metal complexes with the ligands tren,
trenMe, etc., and their sulfur, arsenic and phosphorous analogs, and
they have found that most of these coordination compounds are trigonal
bipyramidal.^
ch2ch ^ ( 013)2

IN

CHgCH

CHgCHgNHg

ch2ch2e^Cch3)2

S'NsCH2CH2NH2
tren

trenMe

Exhaustive literature studies have indicated only a small number
of scattered references existing on studies of complexes formed
by the analogous ligand triethanolamine.

All of the previous charac

terization studies were done in aqueous or mixed aqueous-non-aqueous
media.

In all of these cases compositions and structures were pos

tulated from the measurement of solution equilibria.
instances were any solid compounds isolated.

In only a few

7

Some intraeoraplex, cyclic inorganic esters and alkoxides of
the trialkanolamine type have been reported recently.

In those

studies the trialkanolamine was reacted directly with distinctly
acidic metal oxides in a suitable inert solvent, such as benzene,
and the water formed was removed by azeotropic distillation.

8

In this work we have prepared, isolated and characterized
definite crystalline coordination compounds of Cr(lll), Fe(lll),
Co(ll), Hi(ll), Cu(ll) and Zn(ll) with triethanolamine.

The electronic

ligand-field spectra of these complexes made on the solids and solu
tions confirm pseudo 0^ symmetry for the metal complexes containing

5

unfilled 3d subshells.

The complex of Zn(Xl) Is five-coordinate.

All of these complexes are reasonably stable in air, and all are
brightly colored with the exception of the group IIB compounds.

The

spectra, conductance and magnetic studies on the dimeric copper com
pound reveals an electrostatic crystal field interaction and electron
spin coupling between the two copper moities, indicating Cu-Cu bond
ing.
In this presentation we use the symbol NTEH^ for the ligand
triethanolamine,

j because, as mentioned previously, the

enolic hydrogens can be removed, and the symbols HTEH^, NTEH
HTE

-3

-2

and

are used for the following ionic forms:
.ch2ch2o

CH2CH20H
ch2ch2oh

respectively.

:N—

CHoCHo0

The electronic spectra of ethanolic solutions of

nickel and copper complexes reveal fission of the metal-nitrogen
bond and a displacement by solvent.

CHAPTER II
EXPERIMENTAL

A. Instrumentation and Technique
l) Spectrophotometric Measurements
The electronic absorption spectra were recorded on a Cary l^R
o
o
Recording Spectrophotometer in the range of 17,000 A to 2,000 A.
Quartz cells were used for the solution spectra and filter paper nujol
mulls for the finely powdered solids.

The reflectance spectra were made

with a Beckman reflectance attachment.

Magnesium oxide was used as a

reference on a Beckman DK2 spectrophotometer.

The solution concen

trations were in the range of 0.01 to 0.02 molar.

Generally, there

were large intensity variations throughout the spectral regions
of interest.

The sample thicknesses and concentrations were varied

on the paper mull samples and in solution in order to provide signi
ficant band intensities, with arbitrary absorption coefficients.
All of these highly resolved spectra were recorded at ambient tempera
tures .
The vibrational absorption spectra were recorded on a Beckman
IR 10 spectrophotometer in the range of

H,000 to 625 wavenumbers

and on a Beckman IR 7 spectrophotometer in the 625 to 200 wavenumber
range.

The solid samples were ground in a mortar than further

powdered between glass plates.

The finely divided solid samples

were weighed into a constant 0.02 ml of hexachlorobutadiene then
mulled in a spot plate.

The spectra were recorded using a constant

thickness aluminum spacer of 15/1000 ineh between NaCl crystal

6
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flats.

A calibration curve was made, by making solutions of various

concentrations of triethanolamine in hexachlorobutadiene, to verify
the Lambert-Beer law.

The method used validates unequivocally the

law for this system, and thereby it corroborates conclusively the
band ratio technique for assigning the coordination numbers to these
9
complexes.
2) Conductivity Measurements
The conductivity measurements were recorded on a Leeds and
Northrup No. ^960 resistance indicating bridge.
of the solutions were approximately 10

-3

molar.

The concentrations
The characteristic

values of electrical conductivity were determined in 95% ethanol.
These values were used to determine the charge types of the complexes
in solution.

The molar conductance, at one fixed concentration, of

each of the complexes fell into a predictable range.

Each species

whose molar conductance fell into a certain range was concluded to
be an electrolyte of a given charge type.

For the 10

-3

molar solu

tions at 20° C, the reference value in ethanol was Nal which has been
defined at 35 cm2/ohm mole.

In aqueous solution, very considerable

changes occur in the conductance of these solutions as they stand.
These changes are indicative of a chemical reaction.
product structures were not established.

The solvated

In order to obtain unam

biguous data, only one multiple charged species should be furnished
by a complex.

There is also a certain dependence of the molar con

ductance on the size of the complex ion.^
3) Magnetic Susceptibility Measurements
The magnetic susceptibility measurements were performed by the
Gouy method according to Sacconi, Figgis and Lewis, and Selwood.

11
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In contrast to what was thought a decade ago, this kind of physical
measurement cannot distinguish "between ionic and covalent "bonds In
the complexes, "because of the difficulties associated with it.

The

magnetic "behavior of ions is as characteristic as their spectra, and
thus must be interpreted on an individual basis.

The magnetic sus

ceptibilities were measured at a single temperature on the Gouy
balance.
case.

The Langevin function was assumed to remain valid in each

It is used for computing the magnetic moment of molecules

possessing permanent magnetic moments in the direction of the magnetic
field.
*0 X-Ray Diffraction Measurements
The x-ray spectra were recorded as the galvanometer deflection
against the diffraction angle 2 0, on a Philips x-ray spectrometer.
The samples were finely powdered and pulverized in an agate mortar
to a mesh size of approximately Ho. 100, and then placed into a sample
holder, which consisted of a 1.5 inch square piece of aluminum with
an offset rectangular hole toward one end.

A.piece of a microscope

slide was taped to the holder so that the perforation in the aluminum
holder became the receptacle to receive the sample.

The second slide

was slid over the top of the sample to pack and smooth its surface,
and then it was removed.

The sample was then clamped into place in

the x-ray beam of a Philips, (Horelco), goniometer so that the smooth
open sample face was upward and exposed to the electromagnetic radia
tion.

A tubular Geiger tube was housed at the top of the goniometer

and it was turned in an arc around the sample.

The reflection of

x-rays by successive layers of atoms in the sample leads to the iden
tification of crystalline compounds.

Elements as such will be

9

observed only if they are in the free crystalline state, and not
amorphous.

If these compounds had been studied and catalogued pre

viously, the "d" spacings for each pattern, and ultimately the
structures could have been defined by consulting a Powder Diffraction
Index, such as the A.S.T.M. Hanawalt volume, in terms of the 2 0
values for the three strongest lines.

Since single crystal studies

were not done, only the percent erystallinity could be determined.

B. Preparation of Compounds
Triethanolamine, (0.02 moles), dissolved in 100 ml of ethanol,
(or isobutanol), was added to a hot solution of the appropriate metal
salt, (0.01 moles), dissolved in 200 ml of ethanol, (or isobutanol).
The mixture was refluxed under dry nitrogen for 5 to 30 minutes,
depending on the metal used, and then filtered hot.
recrystallization was possible.

In certain cases

The crystalline compounds were

washed with alcohol, acetone and ether and then dried under a vacuum.
In the cases of Ni, Cu and Zn, the mixture was refluxed under a
blanket of dry nitrogen on a steam bath for approximately one hour,
and then quickly filtered while hot.

Only in the case of the nickel

complex did only one product form, and with all the rest, two or more
products resulted.

With the above compounds, recrystallization was

possible, after which the crystalline compounds were washed with
alcohol, acetone and ether and then dried in air and then under vacuum.
In the other cases, (i.e. Cr, Fe, Co), the reactants were ground and
mixed in a mortar, and then set aside for two days in a dessicator at
room temperature.

The large regular crystals which resulted were

washed on a filter and subsequently dried as in the above cases.

10

The ferrous chloride complexes were formed in good yield, "but
they decomposed in air after 30 minutes.

The initial coloration was

green, and it changed to rust-brown on standing in air, thus further
attempts to isolate the products were abandoned.
The Mn(ll) compounds were formed in ethanol and isobutyl
alcohol, but they could not be definitely characterized by elemental
analysis or spectroscopically.
The Hg(ll) complexes could be formed in ethanol and in isobutyl alcohol, but elemental analyses gave very low results for carbon,
hydrogen and nitrogen, and the infrared showed no hydroxyl bands to
be free.
Boiling the copper and cobalt chloride salts for longer
periods of time with the ligand in ethanol forms the octahedral,
green, copper dimer and the octahedral, violet, cobalt complex.

The

cobalt compound could not be characterized positively as dimeric,
although it was found to be highly crystalline.

The infrared band

intensity ratios gave conflicting results for this cobalt moity.

A

blue, tetrahedral cobalt complex was formed but not separated from
the octahedral form.

The copper dimer was precisely identified.

iron(lli) and chromium(lll) complexes decompose in time even when
exposed intermittantly to air for short periods of time, and then
kept under nitrogen.
upon standing in air.

The iron(XXl) compounds become black-brown

The

CHAPTER III

THEORETICAL

A. General
The development of various physicochemical methods of measure
ment during the past three decades has promoted the growth of more
detailed and refined chemical theories which have in turn led to a
clearer comprehension of systemic molecular structure, dynamics and
synthesis.

B. Vibrational Spectra
The vibrational spectra originate from the relative motions
of the nuclei constituting a molecule, and they are observed both as
infrared and Raman spectra in the region of frequencies between
lcA cm“\

(10^ A), and 10 cm-1, (10^ A).

The frequencies of the

■vibrational transitions are determined by the masses of the consti
tuent atoms, the molecular geometry, (e.g. bond distances, bond angles,
and angles of internal rotation), and the interatomic forces.

Although

vibrational spectra are observed experimentally as infrared or Raman
spectra, the physical origins of these two types of spectra are quite
different.

Infrared spectra originate between two vibrational energy

levels of the molecule which is in its electronic ground state and
they are observed as absorption spectra in the infrared region.
Raman spectra originate in the electronic polarization that is caused
by ultraviolet or visible light, and the vibrational frequencies are
observed as Raman shifts from the incident frequency, v, in the

11
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visible or ultraviolet region.
In the past it -was impossible, using mercury arcs, to observe
Raman lines close to the exciting source line itself. Replacement
o
of the traditional Hg source, (^358 A), with a He-Ne gas laser source,
o
(6328 A), and other more efficient laser sources, will in the future
stimulate the Raman studies of colored substances which include coor
dination compounds of the transition and representative metals.
Even though both infrared and Raman data are highly desirable,
the lack of Raman spectra in most cases does not ultimately cause
any serious difficulties in the vibrational analyses of metal chelate
compounds.

The relatively low symmetry which is usually found in

these compounds, causes most vibrational, transitions to be allowed
in the infrared spectra.
The vibrational spectra of metal chelates can be divided into
the high frequency, (il-000 to 650 cm"1 ), or IfaCl region, and the low
frequency, (650 to 50 cm

), or KBr and Csl region.

Generally the

vibrations which are found in the low frequency region are developed
within the metal-ligand coordinate bonds.

The high-frequency vibra

tions are thus ligand sensitive, and the low-frequency vibrations are
metal-sensitive.

Ear infrared spectrophotometers are not very

common, and the spectra are more difficult to obtain and interpret
empirically than those in the near infrared region.

Since the studies

of low-frequency spectra provide direct information about the nature
of the coordinate bond, future vibrational studies will invariably
be concentrated more in the low energy region than previously.
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Some applications of infrared spectra to structural determina
tions of metal chelate compounds can he understood without much
theoretical background.

Other applications, however, can he under

stood only through a knowledge of symmetry, group theory, selection
rules, etc..

The method which is used for assigning hands to the

observed spectra can he either empirical or theoretical.

The

empirical method is simple and straight-forward, hut its application
is limited to a few well-known vibrations with predetermined normal
modes.

The empirical approach sometimes fails to give unambiguous

hand assignments even in the high frequency region.

The theoretical

method involves many tedious calculations, hut it leads to a quanti
tative description of each vibration in terms of bond-stretching
and angle-bending coordinates which are chosen for the calculation.
The principle of the empirical method rests on the idea of
"group-vibrations", or the assumption that the vibrations of a given
specific group in the molecule are relatively independent of those in
the rest of the molecule.

This assumption is approximately correct

if a group contains atoms which are relatively light, (e.g. hydrogen),
or relatively heavy, (e.g. halogen), when compared with the other
atoms in the molecule.

Such groups will absorb in a narrow frequency

range regardless of the nature of the rest of the molecule, and they
have been summarized in "group-frequency-charts", which have been
prepared by several investigators.

The use of these charts enables

one to identify the bands that belong to a certain group.
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A combination of empirical and theoretical methods was used in
this study, because the appropriate individual normal modes of

1U

vibration and their allowedness had been completely worked out by
previous workers.

The selection rules and combinations of infrared

allowed normal modes provided direct assignments for the various
hydroxyl stretching bands which are observed in the spectra.
In principle, the theoretical approach utilizing the GVF or
the UBF fields, in the method of normal coordinate analysis, is
applicable to any compound of known structure. llj-(*)

In actual prac

tice, however, the procedure of calculation becomes more complicated,
and it becomes nearly impossible to apply it to metal chelates with
out the assistance of large electronic digital computers.
Infrared spectroscopy gives important information concerning
association phenomena.

There is a distinct advantage in working with

fundamental vibrations rather than harmonics with this method.

Data

has been collected for many compounds in which the hydroxyl hydrogen
bond is formed intramolenularly, as observed in the same range as
the 3638 cm

-1

monomer band and the 33&0 cm

alcohol in carbon tetrachloride.

-1

polymer band in ethyl

The very broad polymolecular band

in the alcohols increases rapidly with temperature and concentration.

15

Since the triethanolamine complexes exhibit pure intramolecular
hydrogen bonding this fixes the number of coordinated and free
hydroxyl groups per mole of complex, as opposed to the hydrogen
bonding studies on free alcohols or phenols or acids, which dimerize,
■j/*/^ \2

trimerize or polymerize as the concentration or solvent is changed.

(*)

GVF : Represents a Generalized Valence Force field, that

includes neighboring and non-neighboring group coupling.

'
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UBF : Represents a Urey-Bradley Force field, which includes
neighboring coupling only.

The UBF field has the advantages that

it utilizes a smaller number of force constants, which have a much
clearer physical meaning and are transferable among similar molecules.
The UBF field is thus used almost exclusively for the normal coor
dinate analysis of complex molecules such as metal chelates.

The

GVF force constants are readily converted into the UBF constants
through the relationships given by Shimanouchi.

(*)

Ill-

Many condensed phase substances containing -OH groups form

glasses, in which the important structural cohesive force is apparently
the 'hydrogen bond' extending from the -OH groups.

These include

several alcohols, (i.e. ethyl, propyl, glycerol), glucose, and
water.
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The constancy in the ratio of free to coordinated 0-H groups from
molecule to molecule allows quantitative determinations to be made
of the number of coordinated hydroxyl functions per molecule from the
infrared spectra and elemental analysis.
Allen and Theophanides studied platinum complexes containing
or - hydroxylacetylenes. They reported on the infrared spectra of the
complexes in the 0-H stretching region, and the effect on the spectra
of the addition of organic bases to solutions of the free ligand and
complexes.

17

Their data strongly indicated that the hydroxyl groups

were coordinated through oxygen atoms to the metal, as found in this
work.

16
The generalized spectral band shapes -which are to be expected
from multi-component bands have been synthesized by Vandenbelt and
Henri ch.

They have shown that the complex absorption band spectra

of both organic and inorganic materials can be approximated by the
empirical addition of the band components.

Brode found that the

curves formed by certain monazo dyes apparently resulted from the
overlapping of two major bands, while Brode and Morton analyzed the
principal absorption bands of cobalt bromide in concentrated hydrobromic acid by resolving them into six component bands.

In a later

article, Sandorfv and Jones successfully fitted the envelope of the
ultraviolet absorption spectra of benzanthracenes by summation of
component Gaussian functions.
The bands in the study made by Vandenbelt and Henrich were
derived, selected, varied and combined to result in an equivalence
to the generalized spectral forms which are obtained in practice from
the overlapping of bands of different shapes and sizes.

The summation

curves give indications not only of the types of bands needed to
approximate a given spectrum by the addition of components, but also
to indicate the actual positions of underlying bands from the shape
of the absorption curve.

The overlapping of bands causes significant

shape and wave-length effects, and they found no singular rule of
procedure or automatic formula for the proper selection of the wave
lengths of partially obscured bands.

They found that narrow bands

appear to be never far from their true positions, but that broad ones
may be uncertain.

The band patterns which they have developed helps

one to select the shoulder or inflection point wavelengths.

Their

17
summation graphs are thus useful in discerning the effects of hand
superposition in the trace records of many physical phenomena,
spectroscopic and otherwise,
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l) Band Intensities
From the fundamental experimental relationship between the
absorption coefficient and intensity:

K(v)dv=-£ --&

(1)

one can obtain the following integrals which are equal to the com
ponent band areas, A^x), :

\ W

-

^

Mv =

III

(2 )
f (1 - E M
Jm
ij
LB

)dv = r (1 - e"K(v)X)dv
Jm

expanding the last integral from (2 ) in a power series:1^

2
(3)
3
JJm (1-e-K(^}x)dv=K(1
()
V)x+K(2)(V)
£
+
K
,v)
-*••
J 21
m' ' 3 ;

(3)

gives to a first order approximation:

w
J V ) dv - Km M x = e M 1

and from the theoretical calculation of the Integrated absorption
20
coefficient for an induced emission process:

(1°

thus in either ease (U) or (5) the resulting relationship remains
valid:
J K (v)dv
Free
Area
I
■ Total
Area

/

“Total
No.

/

nFree
No.

(6)

The theoretical validity of the above equation, (6 ), rests on
the assumption that the components of the electric dipole moment of
the free and the coordinate-hydrogen-bound hydroxyl groups in (5 )
remain approximately constant in either case in the 0-H stretching
region.

The correctness of this approximation has been verified by

calibrating and checking with a standard curve, as mentioned in the
previous section on instrumentation and technique.
2)
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Normal Coordinate Analysis and Selection Rules

The group stretching frequencies have been obtained in this
study by observing the given compounds having the hydroxyl groups in
common.

The combined normal modes arise because of a coupling of

the isolated, low frequency, skeletal group vibrations of the octa
hedron and the trigonal bipyramid with the high frequency hydroxyl
stretching vibrations.
A regular octahedral molecule has only six possible modes of
vibration:

these are shown in Table I, and from an examination of

the symmetry types, or species, and characters of the 0^ point group,
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TABLE I

POSSIBLE NORMAL MODES IN THE INFRARED AND RAMAN

___________

Infrared Allowed

...........

Raman Allowed

°h :

Y l.(Al g )

:

^ ( E g ) v3 ( t 1 u ) ^ ( T i u )

'Jl (^1)

(^1) ^3(^2) ^ ( ^ 2 ) vj(E ) vg(E ) yy(E )

va(E")

°2v !

W

'J5 ( T2 g ) 'Jf i( T2 u )

W

V3(B1)
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one can determine that v^fA^g), Vg(Eg ) and v^(T2g) are Raman active,
v3 ^ 1u^

W

are infrared active, there being a mutual exclu

sion rule in this ease because the molecule is centrosymmetric.

The

inactive mode, v-(T ), can often be estimated from the infrared
6 2u
spectrum, as can v^, Vg and
and

are infrared active.

, because their combinations with
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A regular trigonal bipyramidal molecule has only eight possible
normal modes of vibration, and from an examination of the symmetry
species, and characters of the

point group one can determine that

v1 (A^), v2 (A]_) and Vg(E^) are Raman active, \^(Ag) and v^(A^) are
infrared active, and V^(E^), v^(E/) and ^ ( E 7) are all three infrared
active and Raman active.
A bent MXg or Cg^. molecule, such as water, has only three
possible normal modes of vibration, and from an examination of the
symmetry species and characters of the CL point group one can deter2v
mine that all three, V]_(A]_),

V3 ^si^ are infrare& active.

If all of the atomic particles in a molecule were point masses
and all of the connecting links were springs, and the particles were
simultaneously displaced in a certain way and then released, the
simplest motions, or normal vibrations, would arise, and similar to
the single-particle case, would be characterized by the fact that
each particle carried out a simple harmonic motion and that all of
the particles would have the same frequency of oscillation or in
general, move in phase.

The relative lengths of the arrows pictured

in Eig. 1# and Eig. 2. give the relative velocities and the amplitudes
of the individual oscillating nuclei.

These motions have been, and
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Fig. 1. - Combination bands - allowed normal vibrations. The pseudo
0^ and
point groups unite to form an overall
point
group.

Fig. 2. - Combination bands - allowed normal vibrations. The pseudo
C2V point groups unite to form an overall C]_ point
group.
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(T ,U+ B ,)
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must be, chosen in such a way that there is no resultant translation
or rotation of the molecule as a whole.

It is possible to set a poly

atomic molecule into vibration in such a way that all of the atoms in
it vibrate about their equilibrium positions with exactly the same
frequency and in phase with each other, and only then do they pass
through their equilibrium positions at the same time.

Such a state

of vibrational motion is known as a normal vibration. There are as
many different normal modes of vibration, some of which may be
degenerate, as there are vibrational degrees of freedom.

Any actual

vibrational motion, no matter how complex, can be shown to be built up
by the superposition of some or all of the normal modes of vibration.
The extremely complicated vibrational motions of any polyatomic
molecule, as described above, arise when any atom in the system is
displaced.

Forces are not only exerted on the displaced atom when

this occurs, but of necessity the displaced atom exerts forces on its
neighbors.

Any motion of the system can be represented as a super

position of a number of these normal vibrations.

There are always

as many different normal vibrations as there are vibrational degrees
of freedom, that is, 3N - 6 for a nonlinear and 3N - 5 for a linear
.
22, 23, 2h
system.
In order to determine the activity of the vibrations in the
infrared or Raman spectra, the selection rule must be applied to each
vibration.

From a quantum mechanical view point, a vibration is

active in the infrared when the dipole moment vector of the molecule
is changed during the vibration, and it is active in the Raman spec
trum when the polarizability tensor of the molecule is changed
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during the -vibration.

Changes in the dipole moment or polarizability

sure not immediately obvious from a consideration of the normal modes
of vibration in polyatomic molecules, but the application of group
theory gives a clear-cut solution in this case.

In simple molecules,

the activity of a vibration may be determined from an inspection of
the normal modes.

In a polyatomic molecule having a center of symmetry,

the vibrations that are symmetric with respect to the center of sym
metry, inversion center, called g vibrations, are Raman active, and
the vibrations which are antisymmetric with respect to the center of
symmetry, called u vibrations, are infrared active and not Raman
active.

This is referred to as the mutual exclusion rule.
The symbol

represents the integral:
rmn

(7)

where p. is the transition dipole moment in a superposition state, ¥ is
the vibrational eigenfunction, vn and vm are the vibrational quantum
numbers for the ground and vibrationally excited states, respectively.
The selection rule for the infrared spectrum is determined by:

(8)

and the kinetic and potential energies of the system are given by:

(9)

2k

and
(10)

V = £ 2 X± Q?
i

The normal modes of vibration of the molecule can be described
very conveniently in terms of mass weighted coordinates, q^, where i
is a representative atom, and the normal coordinates, Q^, where :

^

i
= (l/^)2 S± = A±k cos(2TT^.t + G)

(11)

i = 1 , 2 , 3 ,’ * *
and

\

= i

since the amplitudes a^k of the atoms in a fundamental mode of
vibration are normalized:

S a2v = S a?, = 1

±

ik

k

(13)

xk

hence the classical Hamiltonian function, H = T + V, can be written
by combining equations (9) and (10 ) to give:
H

2

.

2,

§. is the linear displacement, m. is the mass displaced, A., is the
1

IK

1

~bli

amplitude or maximum displacement of the i—

mass, and 1

is the

wavelength:

\

= (Sttv^)2 =

k-r?v /

(15)
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It is possible to decide whether or not the integrals in (8 ) are
zero or non-zero from a simple consideration of the symmetry of the
system.
The vibrations which are of interest are the fundamentals in
■which transitions occur from v„
n = 0 to vm = 1 . It is evident from
the form of the vibrational eigenfunction (l6):

2

l
v

,

V

2 v!
that contains the terms:

v = 0 , 1 , 2 , 3 , k,* * * the vibrational quantum
numbers, and the terms:

and since

q) is a Hermite polynomial of v—

degree, it is clear

°
that the ground state vibrational wave function, i|f

, is invarient

under any* symmetry operation, whereas the symmetry of the excited
state wave function, ijr° (Qa), is the same symmetry type as Qa . Upon
close examination of the parity of the system, it is seen that the
integral, (8 ), does not vanish when the symmetry of ]i and Q, do not
cl

differ in even one symmetry element of the group, but in all other
cases it becomes zero.

It thus becomes apparent that for the integral

to be non-zero, Q, must belong to the same symmetry species as
a
Stated in a more general and concise manner:

the normal vibration
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which is associated with the normal coordinate

becomes infrared

active when at least one of the components of the dipole moment vector
belongs to the same symmetry species as Q .
The symmetry species of each normal vibration can be determined
directly by the group theoretical methods, thus it is only necessary
to find the species of the components of the dipole moment and/or
the polarizability of the molecule in order to define its allowedness.
The components of the dipole moment Mx , My and Mz transform just as
do those of the translational motion Tx , Ty and Tz respectively.

Com

plete character tables have been worked out for all of the common
point groups, thus no elaborate mathematical treatment is necessary
in order to identify the allowedness of transitions.

The character

tables yield the selection rules for the infrared and Raman spectra
directly.

A vibration is thus infrared or Raman active when it belongs

to the same species as one of the components of the dipole moment or
23 2^
polarizability, respectively. 3
From symmetry considerations, only two band assignments are
allowed and possible for the "in-plane", hydrogen-bound hydroxyl
groups of the octahedral or trigonal bipyramidal complexes which were
studied.

Only the combination of the

? ^Flu °r

and B^ modes

for the pseudo 0^ complex, (actually CPh), and the E ' and
with the

modes for the pseudo

or C

species

complex, (actually C^),

can cause the dipole moments of these molecules to change during their
fundamental stretching vibrations and become active in the uniform
field of infrared radiation as shown in Fig. 1. and Fig. 2.
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B.

Electronic Spectra
The use of -visible and ultraviolet spectroscopy to define the

structural aspects of chelates is a simple but powerful tool.

Only

since 1955 have all of the potentialities of the methods been
realized, and this has come about through the collection and success
ful interpretation of a vast quantity of data.
The application of visible and ultraviolet spectroscopy is
limited to complexes of the transition metal ions, the lanthanides,
and the actinides.

In a typical transition metal compound the observed

spectrum, in general, consists of a series of crystal field bands that
appear in the visible region and their shapes and frequencies depend
largely on the donar atom of the ligand and on the metal ion in the
complex.

The crystal field transitions are of two types:

the more

intense spin-allowed transitions and the lower intensity spin-forbidden
transitions.

The latter bands usually appear as shoulders on the

spin-allowed transition bands.
The electronic spectrum can become complicated when it consists
of electronic transitions between the ligand and the metal, (charge
transfer), and also transitions within the ligand itself which are
■X*

designated as tt _» tt

and a

cr transitions.

The spectra of non-

transition metal ion compounds usually consists only of the charge
transfer and intra-ligand transitions.
The intensities of the crystal field transitions never exceed
a molar extinction coefficient of 500,

500), whereas the charge

transfer and ligand transitions in the ultraviolet usually exceed an
extinction coefficient of 500, (e ^ 500).
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A rigorous interpretation of the results of spectral determina
tions would require a complete molecular orbital treatment.

Such

detailed mathematical treatments are rare, and the methods used for
such computations are only approximate in nature.

The present

situation exists in Which the spectral results are used to test the
theories, and the correlation of the spectrum with the theory gives
a greater understanding of the bonding and interactions that are
found in chelates.
The relationship between the spectrum of a transition metal
ion complex, (chelate or non-chelate), and its color has been recog
nized for a long time.
A substance is colored if its absorption bands fall partially
or entirely into the visible range of the spectrum, (roughly in the
range of 1+000 A to 7500 A).
Three factors can be mentioned that influence the color of a
substance:
l)

The frequencies of the electronic transitions that can

occur in the substance.

These frequencies are determined by the

locations of the electronic energy levels of the excited states
through the Bohr condition:

2)

The intensity of the absorption for dipole transitions

which is the most important cause of light absorption in spectroscopy.
The intensity is determined by the dipole moment integrals:
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J1 K

3)

^ K

dT

The shape of the ah sorption band and the extent to -which

it overlaps the visible range of the spectrum.

This factor is actually

not entirely independent of the other two factors just mentioned.

It

depends in part on the contributions of the molecular vibrations to
the dipole moment integral.

In some instances the entire absorption

depends on the vibrational contributions.

The shape may also depend

on the more or less random shifts of the electronic levels brought
about by the perturbing fields of the molecules which surround the
colored molecules or by the perturbing ligand fields that surround the
colored ions.
Vibrational structure in an absorption band arises in the
following way.

The equilibrium interatomic distances in a molecule

are generally increased when the molecule goes into an excited elec
tronic state, because the bonding between atoms in the molecule is
weakened.

The potential energy curves generally tend to be related

to each other as indicated in Fig. 3 -j where the minimum in the
excited state is seen to occur at a larger separation than in the
ground state.

If the substance is not at too high a temperature, most

molecules will be in the first few vibrational levels of the ground
state.

Therefore, the Frarik-Condon principle tends to cause transi

tions to a group of higher vibrational levels of the excited elec
tronic state that have their vibrational end points almost directly
above the minimum in the curved section of the ground state potential
energy surface.

In a weak field system, each of the vibrational
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Fig. 3*

~ Effect of intermolecular forces on an idealized electronic
spectrum.

Fig. 3A. - Potential energy curves involved in the transition, and
electronic excitation to a state having a larger internuclear distance than the ground state.

Fig. 3B. - Absorption spectrum of a dilute vapor.

Fig. 3C. - Absorption spectrum of a vapor at moderate pressures,
where the rotational structure is smeared out.

Fig. 3D* " Absorption spectrum in liquid with weak intermolecular
forces, the vibrational structure is present, but less
pronounced than in the vapor and somewhat shifted in
frequency.

Fig. 3E. - Absorption spectrum in liquid with strong intermolecular
forces, where the vibrational structure is smeared out.
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levels consists of many closely spaced rotational levels and the
absorption spectrum under high resolution has the general appearance
shown in Fig. 3B.

As the pressure of the vapor in a sample is

increased, the collisions between the molecules broaden the rotational
levels until a continuum is produced that still shows, however, a
group of distinct peaks reflecting the vibrational energy level
spacings.

In the liquid state, or in a higher field intensity system,

the interactions with neighboring molecules causes further broadening,
seen in Fig. 3C., and if this is sufficiently strong the vibrational
structure may even disappear, as shown in Fig. 3D.
In the crystalline state, especially at low temperatures, the
surroundings of a given molecule tend to assume less random arrange
ments and the banded appearance of the spectrum may become more pro
nounced, as seen in Fig. 3E.
Fewer vibrational levels of the ground state are populated at
low temperatures, so that fewer transitions between vibrational levels
take place and the spectrum is simplified.

Therefore in the analysis

of the vibrational structure of the absorption spectra of molecules
in liquids and solids, the spectra are best studied over a range of
temperatures, with particular attention being paid to the appearance
of bands at very low temperatures.
In solution, strong intra- and Intermolecular interactions
with the vibrational modes are responsible for the broad spectral
absorption bands observed in all organic compounds and many inorganic
compounds.

This broadening has very significant effects on the color.

For instance, a substance whose absorption spectrum consists of a few
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narrow "bands in the -visible range would "be weakly colored even if the
oscillator strengths associated with these hands were large.

In spite

of the fact that the wave-lengths falling inside the hands would he
strongly absorbed, most of the white light that falls on such a
substance would not be absorbed.
It is interesting to note that the colors of many substances,
especially those of yellowish or brownish tint, are caused by absorp
tion bands whose peaks are in the near ultra-violet, but whose edges
extend into the visible region.

Similarly, the colors of solutions

containing Cu(ll) and Ni (II) ions are determined by the wings of
absorption bands whose peaks lie in the near Infrared or near ultra
violet .
Absorption spectra in the visible and near ultra-violet can be
classified conveniently according to the distance through which the
electrons move when they become excited.

In many substances, parti-

culatly the rare earth ions and the simple hydrated transition metal
cations, the wave functions concerned in the absorption are almost
completely localized on a single atom or Ion.

In other substances,

wave functions in the vicinity of two atoms Eire changed.

In still

other substances, the wave function of almost the entire molecule may
be affected in the absorption process.

The types of spectra found in

the case of the transition metal complexes will be discussed in
greater detail in the following pages.
The visible absorption bands of the transition metal cations
are much less sharp than those of the rare earths, and their oscillator
_lj.
strengths are somewhat larger, (usually being of the order of 10
for
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the hydrated ions).
of complexes.

They are also affected much more by the formation

This accounts for some of the striking color changes

that make the chemistry of these elements so fascinating.

For

instance, the red band of Cu (II) extends from 6000 A to beyond
o
o
-1+
12,000 A with a peak at 8100 A and an oscillator strength of 2 x 10
X +2

Formation of Cu(HH^)^

complexes, Increases the absorption coefficient

about five-fold and shifts the band to about 6000 A.

In the Co (II)

spectrum a band exists in the IfOOO to 6000 A range with an oscillator
strength of about 4 x 10

-5

when it is hydrated, but in the presence

of a high concentration of chloride Ion, the absorption region shifts
o
to the 5500 - 7500 A range, and the oscillator strength becomes 100
times greater.

This shift is presumably responsible for the well-

known change in the color of CoCl^ from blue to pink when it becomes
moist, and it indicates a structure change from tetrahedral to octa
hedral .
The colors of these cations are caused by transitions between
n
multiple! levels of the d configurations. Although these transitions
are forbidden by the Laporte rule, they are made possible by the
perturbations of the solvent or crystal lattice.

Bethe
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, in 19^9>

showed that the perturbations by the solvent or crystal environment
shifts the relative positions of the multiplets and splits them into
several components, (the number of components dependent upon the
symmetry of the environment and the angular momentum of the multiplet
level).

The hydrated cupric ion is interesting in this connection,

because Cu (II) has the d^ ground state configuration, which has the
single multiplet term ^D.

This term is split into two levels by the

surrounding ligands such as water molecules, and the familiar blue
color of the cupric salts is caused by a transition between these two
components of the d^,

term.

Tsuchida and Fajans

£6 2'T
3
were the first workers to propose that

the ligands could be listed in the order of increasing energy of their
absorption bands, based on the observation that similar bands are
progressively shifted to higher energies with different ligands.
is the basis of the well-known spectrochemical series.

This

The explana

tion of the spectrochemical series, that is, why a ligand occupies
the position that it does, has evolved from a more extensive theory,
the molecular orbital theory, which treats the complex as a whole.
Few attempts have been made to correlate the ultra-violet spectra
with available theories,

"charge transfer" and "ligand" spectra are

not as well understood as ligand field spectra.
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The visible, ultra-violet and near infrared spectra of the tran
sition metal ion complexes can be well understood and semi-quantita
tively described by the use of crystal field theory or its extended
form, ligand field theory.
The variation in crystal field splittings between the crystal
line and solution forms of the copper triethanolamine complexes
exhibit unusual effects on their electronic ligand - field spectra.
Since copper is the only metal complex in this series which shows a
band intensity reversal upon solvation, it has been singled out to be
examined within the framework of the Jahn-Teller theorem, and finally
with a detailed crystal-field energy level approximation.

25,26 27 28 29
3 3 3
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l) Jahn-Teller Configurational Instability

+2
The spectrum of the CufHgO)^
cation as well as many other
complexes can be Interpreted only on the basis of a strong tetragonal
perturbation.

The Jahn-Teller distortions in any octahedral crystal

field model are not easily verified, and thus should not be totally
relied upon.

Cubic field perturbations, in many cases, remove much

of the free ion degeneracy but other sources of perturbation potential
must be considered in either a static or dynamic system, such as
spin-orbit coupling and crystal or solution near-neighbor-interactians.
Tetragonal perturbations, such as those found in the cupric
chelates, require two new parameters as well as Dq to specify the
new orbital levels, and these can not be unambiguously assigned since
there are usually not enough absorption bands to fit them.
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The relevant questions answered in this section are:

which

molecules are likely to be affected by the Jahn-Teller distortions,
and what effects the distortions will have on the electronic spectrum.
The nature of the Jahn-Teller effect is most readily under
stood in terms of their theorem which states that, for an orbitally
degenerate electronic state, the totally symmetric nuclear configura
tion will be unstable, except for the case of linear molecules and
the unstable nonlinear, degenerate electronic state will distort to
a new state of lower symmetry.

For orbitally degenerate electronic

states, there will always be some non-totally symmetric displacements
of the nuclei along coordinates towards which the totally symmetric
configuration will be unstable and thereby will distort the molecule
into a new shape of a lower symmetry.

This degeneracy introduces a

new set of ill-defined potential surfaces in place of the original.

One can therefore expect to find a distorted octahedral molecule
■whenever the ground-state energy can he lowered by a small anisotropic
displacement of the surrounding ligand field.

This will occur for

all of the octahedral ground states that have orbital degeneracy,
Regenerate states are present in a system when one quantum number is
sufficient to determine the energy states of a system which has two
or more degrees of freedom.

These degenerate states are characterized

by a progressive deterioration to a lower type of symmetry.

One can

1
2
k
6
7
9
therefore expect the d , d , d , d , d and 6/ configurations to
generally form distorted complexes.

At the present time it is not

possible to predict the amount of distortion to be expected, but one
can make semiquantitative correlations after taking careful measure
ments on a system.
There are two distinct forms of the Jahn-Teller effect, static
and dynamic.

They can be illustrated by reference to the distortions

which lift the orbital degeneracy of terms in regular octahedral
stereochemistry.

The distortions naturally take the form of dis

placements of the ligand atoms in the manner of one of the normal
modes of vibration in the molecule.
of the simplest normal modes is the

For the regular octahedron, one
(Eg ) which is a doubly degene

rate, infrared forbidden, breathing mode and it consists of the move
ment of two opposite ligand atoms outwards or inwards with simultaneous
movement of the remaining four ligands in the plane inwards or out
wards, respectively.

It is possible that both of these movements will

lead to a reduced energy for the higher symmetry system, and the fact
that one of them does this through resolution of these vibrational
modes, is a consequence of the observed Jahn-Teller effect, as seen
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in Fig. U.
The static Jahn-Teller effect involves equilibrium forces and a
subsequent non-periodic coupling of the nuclear displacement and the
electronic wave functions.

It occurs when the displacement of the

ligand atoms takes the complex into one of the passively distorted
configurations which is nearly independent of kinetic terms in the
Hamiltonian.
The dynamic Jahn-Teller effect occurs when both of the actively
distorted configurations are of lower energy and symmetry than is
the original undistorted configuration, and the potential barrier
between them is small.

The dynamic Jahn-Teller effect is caused by

a kinetic, or periodic coupling of the nuclear displacement and elec
tronic motions, so that the Hamiltonian is not independent of kinetic
terms.

In this ease the molecule frequently converts from one

symmetry form to the other, and the time average positions of the
ligand atoms may be very close to a regular octahedron.
In calculating molecular stabilities, the nuclear positions are
normally assumed to be fixed.

Ordinarily, nuclear coordinates can

not be treated as parameters, because averages must be taken over the
potential energies of the intra-nuclear vibrations.

The Born -

Oppenheimer approximation allows separations to be made of the nuclearcoordinate and the electronic wave functions when the nuclei are not
permitted to vibrate, or move with respect to each other.

When the

energy of separation of the upper and lower potential energy surfaces
for the degenerate and distorted states, respectively, is large when
compared to the zero-point-energy of vibration, the system will remain
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Fig. kA. - Octahedral Jahn-Teller distortions, showing the removal of
the electronic degeneracy "by nuclear displacements through
extensions along the x, y axes and also along the a axis.

Fig.

- Splitting of the E electronic sublevels in a distorted
field caused by
(a) extension along the x and y
directions, and (b) extension along the z direction.
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passive, or static, on the lower potential energy surface.

If,

however, the stability gain, AE, is roughly equal to the zero-pointenergy of the vibrational mode, then the molecular motion cannot be
confined to the lower electronic state potential surface, and a
coupling will occur between the electronic and nuclear motions which
is active in a kinetic sense.

This latter situation is encountered

in the dynamic form of the Jahn-Teller effect, as seen in Fig. 5*
In the dynamic form of the Jahn-Teller effect separate averages cannot
be made since the nuclei move with a similar phasing and velocity as
31
the electrons where vibronic coupling occurs.
The basic mechanism of the Jahn-Teller effect is apparent in
the first, second and third order of the perturbation energy, depend
ing on the splitting or stabilization energy, AE.

It is a negative

perturbation energy of the same order as the displacement coordinate
of some non-totally symmetric normal mode of vibration.

The energy of

excitation of such a displacement is proportional to the n th power
of the displacement coordinate under equilibrium conditions.

This

type of distortion always proceeds to some extent until some restoring

28
forces make its further extension ■unfavorable.
02
Orgel and Dunitz,
(1957), independently discussed the JahnTeller effect in cupric compounds and gave a survey of the then avail
able crystal structures possessing it.

It appears that the two ligands

move in or out in every genuine octahedral case.
Although in most cupric compounds only one minimum is populated,
seen in Fig. 5*, there are a few cases in which all three are.

When

only one minimum is populated, the z axis is the only axis of distortion,

Fig. 5A. - Potential curves illustrating the intensity distribution
in a transition to a level affected by a -Jahn-Teller
distortion. In (a) both potential minima lie equally
deep, and in (b) one potential minimum is deeper than
the other.

Fig. 5B. - Schematic representation of the Jahn-Teller distortion
in the hydrated cupric ion, showing the linearly dis
placed, unsymmetrical, non-degenerate potential surfaces.
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and ■when all three levels are populated, "both the z and the x,y sets
of axes distort.
33 ,
Belford, Galvin and Belford , (1957)? and also Holmes and
McCluref

(1957)? analyzed optical spectra of cupric compounds and
2
came to the conclusion that not only transitions to the Tgg? hut

also those to the other components of
visible wavelengths.

occur at visible or near

Putting all of the results together produces

the energy level diagram for the cupric ion which is shown in Fig. 5B.
The relative energies of the upper states are uncertain.

This arrow

indicates the direction in which the positive hole, (positron), moves.
The main "hole" absorption proceeds vertically downward in the diagram,
2
but not to the minimum of the T„ energy term state. The transition
2g
involves a change of the electronic state, but very little change of
nuclearconfiguration.

This arises

Frank-Condon principle.

because of a consideration of the

Previous analyses
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shows the trough to lie

a distance below the undistorted configuration approximately onequarter

of the energy oftransition to the upper state ^*2g’

aqueous

cupric ion has abroad band centered at 12,600 cm”''', (12,500

-1
cm
in the triethanolamine complexes), so that the trough is roughly
-1
3,000 cm
deep. A very similar analysis applies to the chromous ion
5
which has a E ground term and which also contains an odd electron in
the E level.
In most cases, whether induced by the non-equivalence of ligand
atoms, crystal packing forces, or the Jahn-Teller effect, the low
symmetry ligand field component may be considered to be a perturbation
added onto the main cubic ligand field potential.

It is convenient to

k2

retain the nomenclature of cubic symmetry because the band positions
in the spectra of transition metal ions are essentially at the same
frequencies as predicted for cubic symmetry.

31

’

32

’
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The presence of the Jahn-Teller effect is a purely qualitative
theory and the numerical extent of it is highly dependent on the
complexity and details of the potential energy surfaces as functions
of internuclear distances.

31

The spin-orbit coupling is comparable with the Jahn-Teller
energy in ions that distort because of Tg electrons, but it is negli
gible for the Gr (II) and Cu (II) ions partly because the Jahn-Teller
energies are larger but mostly because it has no first-order matrix
2S + 1
elements within the
E term.
2) Crystal Field Calculations
The ideas used in this section are not altogether new, but they
are presented in such a manner so as to be Intuitively satisfying to
the chemist who is familiar with the tenets of coordination chemistry
and in particular the cupric complexes.

The entire crystal-field

development Is indicated in a uniform notation that is especially
suited to these molecules.

The effects of crystal-field stabilization

on the interatomic separations in crystals and complex ions is most
marked when the metal ions contain partially filled d sub-shells,
although small effects are also observed for ions containing partially
filled f sub-shells.

For crystals with a basically simple cubic

structure, and for complex ions, quantitative calculations of con
tractions in the internuclear distances can be made by a consideration
of the influence of an ion, dipole, quadrupole or octapole crystal

^3
field.

The electron distrihution in the outer shell of a transition

metal ion may be markedly affected if the ion is subjected to the
electric field of an ionic or dipolar array.

When this effect is

appreciable, the thermodynamic, optical and magnetic properties of
the crystal or complex ion will depend critically on the proximity,
intensity and symmetry of the crystal field.

One important parameter

determining the strength of the electric field is the ion-ligand
distance, and one finds a close connection between the equilibrium
internuclear separations and the equilibrium properties, (e.g. the
electronic energy levels, magnetic properties, heats of formation),
on the one hand, and the properties connected with the deformability,
(e.g. the bulk moduli of the crystals, vibrational force constants of
complex ions), on the other.
o
Since the d electronic configuration is complementary to the
d \ the cubic ligand field energy level splittings are reversed, and
the

term is the higher energy state. This orbital scheme is
g
especially susceptible to splitting by the Jahn-Teller effect, as seen

in Figs. U . and 5•, and the tetragonal splitting diagrams can be
developed by using only the electronic wave functions and applied by
extrapolation between static configurations in order to interpret the
spectra and to avoid the complexities of including vibronic coupling,
(i.e. calculation of the degree of mixing of the vibrational and
ele ctroni c stat e s ).
Since each transition involves both a positive "hole" and an
electron, the lowest electronic level is seen to be the ground state
for the d

a

system.

Orgel and Dunitz

32

and many others have collected

hk

evidence that shows that the copper (il) ion in crystals is rarely
ever found in a regular octahedral environment, and they conclude
that the Jahn-Teller effect is responsible for this.
The type of distortion observed in these systems is that in
which the two polar ligands move out from the central Cu (n) ion,
leaving the cation with a "quasi-square" planar or pseudo

coor

dination.
Belford

33

studied the effects of tetragonal distortion by the

crystal field on the spectrum of copper (il).

He examined in detail

a series of copper chelates chosen in such a way so as to provide
"crystal-fields", or ligand fields, of varying symmetry.
Extensive and detailed treatments of the calculations which
are reviewed here can be found in references 31* 32, and 33*
The basic theory and calculations which are used in the follow
ing sections of the dissertation are not new, but the entire develop
ment is outlined since it reviews those calculations which describe
how:

a) square-planar, b) axial and c) tetragonal arrangements of

the surrounding ligand field about a copper (II) ion splits the initial
degeneracy of its five 3d orbitals, and how the relative energy-level
populations can subsequently be used to explain the unusual electronic
spectra of the copper (II) triethanolamine complexes observed in the
present studies.

Spectral theory is divided into two main branches,

the first deals with the radiative processes and the second with the
energy levels in the material system under study.

In these calcula

tions, only the latter category will be investigated, since the
classical continuum wave picture of the radiation field is appropriate
for spectroscopy.

a)

Square Planar Field

In this section the copper (n) ion is considered to "be
surrounded by four point charges as shown in Fig. 6a.
The following set of 3d wave functions is used to describe and
to define the copper (II) one electron wave functions, (orbitals),
and when expressed in the polar coordinate form as defined in Fig. 7*?
they become:

1
d ( z 2)

=

(3

c o s 2 6~1)

l

l
(17)
i

i

where R(r) is the 3d radial wave function.

The effect of the ligand

molecular field potential is to be added as an extra potential energy
term, V, directly onto the unperturbed Hamiltonian, H , of the cationic
polyhedron.

Here V

is the Coulombie attraction energy between the
1
ligand charges and the central metal:

2
(18)

where Z is the charge on the ligand L, e the electronic charge, and
L
a is the distance from the metal ion to the ligand L.

From the d

orbital wave functions, the linear variation functions, (or approximate

b6

Fig. 6A. - Static square planar ligand potential field about the cation.

Fig. 6B. - Static axial ligand potential field about the cation.
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wave functions),

can be formed, and they must satisfy the

Schrodinger equation:

(H + V H
=(E + E )*.
o
L i
o
1 i
where i = 1, 2, 3>

5, *** and E

(19)

is the initial energy of the 3d
o

level, taken to he the zero point energy, and E^ is the extra energy
that is produced by V^.
Recalling now the variation theorem for defining the average
energy associated with these values of (H

”

+ V ), and (i., to state
L

IL

that the mean energy, E, is greater than the true energy, where:
m
=
Z c. §.
=
Basis Set
1 (Approx.)i 1 1 (True)

(20)

and:
E. =

/ §. I(H + VT ) 1 \
-13___2______k_33

(True)

(21)

(%l%)

? ?cica(®il(Ho + VL ^* a)

(22)
(Mean)

? ? cicj(iil®j')

where Z is the charge on the metal, r is the distance from the
M
nucleus to the electron, m is the mass of the electron and V , or
"del" is the Laplacian operator:

V 2 = JL A ( r 2A ) +
r^ dr

dr

I

(-£) + -J:___— (sin0-^-)
r^sin^S d02
r^sinQ d9
d9

kQ

expressed in splierical polar coordinates.

The total wave equation for

the motion of the electrons in this system can he put into the form:

1 * S + V« + Vl H i = V i

(23)

* V i

In the strong field case for first row transition metals:
_— v /v rw i«v
Vt > E - L > § E 11S1
L j riJ
j 3 J
(*)3
so the unperturbed, isotropic Hamiltonian

H
°

becomes:

H

o

=

h2

= - h2 2
- V 2 + VM
dr^m i

2V

p

z*«e
- 2 -5L— + 2
M=a rm

8n^m

(2k)

„2
rij

^
+ |

,2 l.s. = 0
(r)j j j

where:
E<(
1
(True)

E. .
ij
(Mean)

(25)

and:

=1 for i = j
(Orthogonal)
< * u )

. 6. .
3-D

(26)

<
=0

for i / j J
(Hon-orthogonal)

also:

6. . = Kronecker Delta
therefore:

(*)“*
El3 = <+i K

(*)

3

I*j>* < ai K,la3 )■ J W i 4T

In deducing the behavior of a molecule in a light beam from

quantum mechanical laws, the Hamiltonian of the atom is assumed to
depend only on the coordinates of the particles in the atomic or

<27)

1*9
molecular system.

Since the radiation is explicitly assumed to he

absent, the Hamiltonian should not contain time, and thus the square
of the wave function should not contain the time either; thus,
according to the above formulation, if an atom gets into an excited
state, it should remain there as long as it is not disturbed.
The result above is, of course, not correct, since it is well
known that the system in excited energy states will emit light spon
taneously, undergoing transitions to states of lower energy.
The error in the induced emission derivation lies in the
assumption that the Hamiltonian depends only on the coordinates of
the particles which are in the system.

The charged particles in an

atom not only interact with each other, but they also produce electric
and magnetic fields in the space about them — that is, they interact
with the "ether", and thereby undergo spontaneous emission.

If the

Hamiltonian is to be complete, the energy associated with these inter
actions should also be included.

These interactions are very weak,

but Dirac has shown that when they are included, spontaneous transi
tions take place from states of high energy to states of lower energy,
the difference in energy appearing in the space around the given
system as a photon.

In this manner the spontaneous emission of light

is quantitatively accounted for.
In the present case we revert to the former induced emission
syndrome, because of its greater simplicity, while realizing its
intrinsic limitations.^

(*)^ If a molecule possesses symmetry —

this symmetry is reflected in

the electronic and vibrational wavefunctions, which can be written as
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eigenfunctions of the symmetry operations belonging to the molecule.
Since the coordinate system can always be chosen so that the components
of the dipole moment operator are also eigenfunctions of the symmetry
operations and since an integral such as:

must vanish unless the integrand is unchanged by all of the symmetry
operations, the symmetry properties of the given state introduce a
distinctly new and significant factor into the selection rules for
transitions.
If a molecule is made of light atoms for which spin-spin inter
actions are small, its wave functions will be eigenfunctions of the
spin operators to a good approximation, and the selection rule AS = 0
will operate for the same reason that it applies in atoms under, the
same conditions.

Therefore, intercombinations, and in particular,

the transitions between singlet and triplet states of molecules, will
be unlikely.

The E-.fs are found as solutions to the secular equation:

(28)
For a given potential field, V , of

or

symmetry, this secular

determinant is diagonal, and when integrated over all space in spheri
cal polar coordinates it becomes:

V, r

sin 9 d9d$dr

(29)
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In order to evaluate the integrals in (28), both

and (d^)^ can

expanded in a series of orthonormal functions, called normalized
surface harmonics, i , (0., $.), where P. (cos 0) is the Legendre poly1
u
0
■**
nomial of degree 1, and P^(cos 9) is the associated Legendre function
of degree 1 and order m, which are listed in Table II.

These mathe

matical expansions provide a mechanism for uniting the metal and
ligand wave functions on a common energy surface.
v m/
d = S R . (r )Y , (6 .,$.)
k
1 nl 1 i J 3

Where:

and.

-p
m
-i
im$
Y (S.»5.) = P (cos 9) — 1 ! e
1

3

1

3

(£tt)2

The central cation atomic orbital wave functions are expanded
and for, (d^^, the one electron orbital wave equations in (17) become:
p
2 .)
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The coulombic attraction energy in equation (18) may now be
written:

]R2

(30)
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TABLE II

Azimuthal
quantum
number

Magnetic
quantum
number

1

Normalized surface-zonal harmonics

/
m

^W
1

3

“ Pt1

J

6

^cos
(2tt)2

0

0

2

0

(5/

2

2

2
(15/ l 6TT)2s i n 0 sin2$

h

0

i
2
^
3 / i 6 ( tt) (3-30cos 0+35cos 0)

k

2

(if5/6^fTT)2s i n 0 ( l - 7 cos20)cos 2$

If

If

— P
(315/256tr)2s in 0 cos

•

V

^

tt)

i

6

2

tt)

2 ( 3 cos20 - l )

Recursion Formulae

Legendre Polynomial:

■i
,l/v2 , %1
P (x) = —i—
* — i—
<
1
2 11
dx 1

Associated

m, »
,
2 ^ / 2 dIDplCx )
-- ---P (xj = (1-x ;
1
dXm

Legendre:

where a is the distance from a ligand charge to the copper (XI) nucleus,
and again r is the radius of the perturbed electron shell Fig. 7 • The
ortho-normal property of the normalized surface harmonic functions
yields the electronic energy levels for the cupric ion, and after
substituting ( d ^

from (30), and V

L

into (29) yields:

2
b
1+Z e2
L
/,
1 r
19 r v
(1 + - —
- —
-77 )
a
l i t 7 a2 8^ ?

E (x2-y2 )
(Square)

V )

+

(32)

(Square)

1r r
Ef
(xy)
(Square)
p
(xz)
(Square)

2
2
b
Le ,, , 1 r
b r
(1 + “ % - - h )
a
7 a2
21 a4

_ p
(yz)
(Square)

_

by e2
Tj
a

__2
_J*
1 r__ _1_ r \
ib. a2
!b.

The relative ordering of the energy levels is now immediately apparent
from the above series expansions of the integrals, as seen in Fig. 8 .
n
In these expressions, r represents the statistical expectation
value of r” :

Fig, 7* - Area and volume elements in spherical polar coordinates
which define the common surface harmonics for the perturbed
central cation field and the perturbing ligand field.
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Axial Field

The second portion of this calculation incorporates the effects
of the two ligand charges Z^ along the z axis; their positions being
(0, 0, z) and (0, 0 , -z).

This treatment follows that already

developed in the previous section for the square-planar field.

For

the axial field presented here, the potential term is given by:

V

=

[1 - (Iff (*-)2 Y° +
t

a

^23)

(Axial)
li*n\
3 y o + ... t
+ (,211
)2 (»£r.)
]
^9
a
it

After combining the axial potential and squared wave functions and
then expanding them in (29) with the normalized surface harmonics
given in Table II, the energy contributions of the axial charges are
seen to be:

2
2Zre

V )
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o ~

2

k

o w

+

(Axial)
2Z e2
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, = E, . = — £— ( i + i £ - - — £j-)
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a
^
7
21 qF
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E
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(Axial)

2Z e2
b
a

_2

(314.)
^ J

3

_ 2 r . 1 r \
7 a2
21 a%

c) Tetragonal Field
The tetragonal field of ligands and its effects can now be
realized and computed, and they include the special case of a cubic
field.

The tetragonal arrangement of ligand charges can be determined
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by adding the corresponding crystal field energy quantities from
equations (31) and (33)*

V )
(Tetragonal)

° V )

v+ V )

(Square)

(35)

(Axial)

Figure 8 pictures the net results of the steps a), b) and c).
The results of Belford show the E

state in a cubic field to
g
be split to such an extent by the tetragonal field that its lower
component falls among the components of the T„ set, and the ligand
^B
field in this instance becomes more square planar than octahedral.
Similar results were found by Holmes and McClure

3b

who examined the

spectra of single crystals of CuSO^'SH^O with polarized light.

In

Fig. 8 the calculated energy levels are given for fields of square
planar, tetragonal, octahedral and linear symmetry.

This scheme

demonstrates how the crystal field splitting varies as the base
strength of the axial ligands changes.
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Careful examination of the copper (II) 3d levels splittings in
Fig. 8 enables one to correlate the observed electronic spectra found
in the crystalline solid and in solution, with crystal field theory,
and thereby to make structural deductions from the electronic band
spectra.

The geometrical crystal field models which are employed

allow clear and distinct definitions to be established concerning the
symmetry of the fields producing the axial and planar distortions
from the relative spectral band populations, and resulting band
(*)5
areas.

(*)5

Recalling at this point the Wigner-Ekhardt theorem, which states:

"any calculation in science is the product of two factors, one which

57

Fig. 8 . - Electronic energy levels for the cupric ion in fields of
various strengths and symmetries ranging from square planar,
octahedral and linear, from left to right. Arrows indicate
positron, or "hole", transitions.
J. T.-l and J. T <2 represent the static Jahn-Teller
stabilizing displacements. It demonstrates the resolved
effects of the electronic degeneracy on the nuclear dis
placement within the complexes.
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is dependent on the symmetry of the system alone and the other on a
II

physical measurement of the system alone:

H f R ^ ) = EfRjti)
where L

is a symmetry operation.

Noting that the actual solutions for quantum mechanical equa
tions are, in general, so difficult that one obtains by direct calcu
lation only crude approximations to the real solutions; it is
gratifying, that a large part of the relevant results can be deduced
by consideration of the fundamental symmetry operations, as seen in
the crystal field calculations above, and that almost all of the rules
of spectroscopy follow directly from the symmetry of the system. The
most important and significant results that can be'derived quantum
mechanically are the explanation of Laporte1s rule, (the concept of
parity), and the quantum theory of the vector addition model of
momenta.^
The dominant electrostatic field that is provided by the ligands
changes from the four bound oxygen atoms at the left of fig. 8 , to
the two polar nitrogen atoms as the axial base strength increases
from left to right in the scheme.

In between these two extremes arise

two separate and distinct types of tetragonal distortion which origi
nate from the two static Jahn-Teller states.
produce

D^, and

fields at the cation.

Both of these states
To the left of the

pure 0^ field in Fig. 8 . the lengthened axial bonds are produced by
the tetragonal distortion and to the right of the 0^ field the
lengthened equatorial bonds are caused by the tetragonal distortion.
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The total intensity of a spectral "band is the sum of the inten
sities of its component lines.

In the case of dipole radiation, the

natural excitation for the hand produced by the transition from state
A to state B is:

i

2k

(A jB) = N (a)hv

^

I ♦el*vlllI S b el*vll, 12 =

a
= 1.085 x 10"5 v

b

(36)

2 |d|2
a,b

where N(a) is the number of atoms in state a, h is the dipole moment
operator and cr is an auxiliary energy constant measured in cm

-1

. The

sum of the squared matrix components occurring here is referred to as
the strength of the band.

The strength of one line component, (a, b),

is dependent on the total transition moment integral squared,

|d | ,

which contains the electronic and nuclear overlap wavefunctions for
the ground and excited states.

The electronic and vibrational wave

functions can be separated and treated individually only in certain
cases.

It is obvious from equation (36) that the more energy level

transitions which are available for producing spectral lines of near
to the same energy, the more will the band intensity and the band area
increase in that given frequency range of the spectrum and vice versa,
as observed in Fig. 8 .
Coulombic forces having nothing to do with the Jahn-Teller
forces may cause distortions.

37 that, assuming an

Calculations show

ionic bonding scheme, one should expect the compressed octahedron to
be stable, in contrast to what is found in the majority of cases.
one example of a compressed octahedron is so far known,
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Only

in addition
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to these copper triethanolamine complexes, and that is the case of
KgCuCl^.

This compound, of course, possesses a high degree of ionic

honding.
These data, calculations and conclusions provide an explanation
for the band intensity reversal of the lQDq and Jahn-Teller shoulder
which occurs upon solvation of the two copper (II) tri ethanolamine
complexes.

The highly populated, high energy band occurs with axial

distortion in solution and the highly populated low energy band occurs
with the solid crystal which has strong axial fields and weaker equa
torial fields.

The band intensity reversal, seen in Fig. 8 and the

spectra in the following chapter, Fig. 10, is caused by a change-over
from the static Jahn-Teller effects in the J. T.^ state, which is a
static state, to the effects in J. T.^, also a static state, as the
compressive base strength of the axial field decreases when the oxygens
from the solvent begin to loosen and displace the nitrogen donars
from the d 2 level about the cation,
z
The solvent effects upon nickel and copper compounds result not
only from the position of the apical nitrogen in the spectrochemical
series as a stronger base, but also from the fact that the apical
ligand atoms interact most strongly with the d 2, (E set), orbital
z
g
and thus have a greater effect on ther ground state symmetry in the
Dj^, (T^g set), and thereby the spectro chemical differences between
nitrogen and oxygen are greatly magnified.
In the axially distorted tetragonal complex, found in solution,
"hole" or positron transitions take place from the x

2

- y

orbital giving the small Jahn-Teller shoulder, and the x

2

2

2
to the z
- y

2

6i

transitions to xy and xz, yz levels produces the broad high intensity
lODq band.

In the equatorially distorted tetragonal complex, found in

solid crystals, "hole" transitions take place from the z

to the

2
2
x - y and xz, yz levels producing the broad highly intense lODq band,
?
2
2
and the z to xy, x"- y levels producing the small Jahn-Teller
shoulder, seen in Fig. 8 .

C.

Conductivities
The resistance of any uniform conductor varies as its length

(L cm) and inversely as its cross sectional area (a'cm2):

R = k —, ohms
BL

(37)

■where k, a constant for a given conductor, is the specific resistance;
is effectively the ohmic resistance of a specimen one cm in length
2
(L = l) and one cm in cross section, k is the electrical resistance
3
between opposite faces of 1 cm of the material.
The specific conductance of any conductor of defined as the
reciprocal

of the specific resistance, and may be represented by the

symbol K ' . Since

by definition K'is equal tol/k, equation (37)

becomes:
R - — * — ohms
K' a'

(38)

and:
K/= —
ohms
a! R

cm ^

(39)

2
/
Since R is in ohms, L in cm and a7in cm , the units of K are seen to
be ohms

-1

cm

-1

)
. The conductance C is defined as the reciprocal of
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the resistance, so that by equation (38),

c'=

K'- ohms"1
1

(1+0 )

The specific conductance k/ is thus seen from (IfO) to be the conductance
between opposite faces of a 1 cm cube.
For electrolytic solutions, it is convenient to define a
quantity called the equivalent conductance and represented by the
symbol A.

It, lambda, is a measure of the conducting power of all

the ions produced by 1 gram equivalent of electrolyte in a given
solution.

Imagine two large electrodes set 1 cm apart, and suppose

the whole of the solution containing 1 gram equivalent is placed
between these electrodes; the area of the electrodes covered will then
be v

/

2
•
cm , wtlere v is the volume of solution containing 1 gram equi

valent of solute.

The conductance of the system, equal to the equiva

lent conductance A , can be derived from equation (4o) when L equals

1 cm and the cross section a' equals to v

2
cm , so:

A = K /v/ohm 1 cm2

where v'is the volume in cm
lent of solute.

(*+1)

of solution which contains 1 gram equiva-

If c is the concentration of the solution in gram

equivalents per liter, then v /is equal to — —
c
(l+l) becomes:
. A = 1000

ohm

, consequently equation

cm2

(*+2)

c
When electrolytes which are completely dissociated in water are
dissolved in solvents of low dielectric constant, the coulombic
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attraction is often sufficient to cause ionic association of ions.
The forces "between ions is inversely proportional to the dielectric
constant of the medium.

Thus all electrolytes are "weak electrolytes"

in solvents of low dielectric constant.

Among the solvents which have

"been important in studies of non-aqueous solutions of electrolytes
are alcohols, liquid ammonia, dioxane, acetone and other ketones,
anhydrous formic acid and acetic acid, pyridine, and several amines
and nitro compounds.

39

The degree of dissociation of electrolytes in solvents of low
10 39
dielectric constant may he calculated from conductance measurements. 9
The solvent used in these studies was ethyl alcohol, the
o
standard reference solute was sodium iodide, and at 18 C a concentra
tion of 1 equivalent per liter gives a specific conductance of 0.035
and an equivalent conductance of 35 *2 .

D.

Bulk Susceptibilities
If a material is placed into an inhomogeneous magnetic field,

there is a force exerted upon it which either pulls it into the larger
field or pushes it out of the field.
divided into two classes:

The first condition may he sub

those materials which have a large permanent

force and those which have a weak force of magnetic interaction.

The

former are called ferromagnetic and the latter paramagneti c. The
compounds which are pushed out of the field are referred to as
diamagnetic materials. The forces experienced by diamagnetic materials
are often smaller than the paramagnetic forces, because diamagnetic
materials have no permanent dipoles.

If the induced orbital motion of

6U

electrons were the sole magnetic effect in materials, then all matter
would he entirely diamagnetic, that is the induced polarization would
he opposite to the inducing field in every case and the susceptilibity
would always he negative.
Since the diamagnetic properties of materials alone are not of
great interest, only the hulk paramagnetic forces on materials are
examined in detail here.
The force exerted on a magnetic dipole in a non-uniforcu magnetic
field, H, is proportional to the gradient, or the slope of the mag
netic field.

Instead of one singular dipole in the sample, if a collec

tion of magnetic dipoles is present with a magnetic moment per unit
volume M, and the magnetic moment is linearly dependent on the magnetic
field, as in the case of a random arrangement of dipoles which align
more or less independently in the magnetic field, then:

M=(XH)

(1|3)

and the force per unit volume is then:

f = M * V H = (x H) V H =
yH
_ „
f XVHdH =

m
„ 2

XVH

The magnetic moment per unit volume is called the magnetization, and
X , the proportionality factor called the magnetic susceptibility.
Equation (¥<•) indicates that the magnetic properties of mater
ials may he classified according to their susceptibility.

If the

susceptibility is negative, then the material is diamagnetic, and if
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it is positive, it is paramagnetic.
A simple and direct method for measuring bulk susceptibilities
is by the Gouy method.

The apparatus consists of a glass tube of

cross section A 'which is suspended from one arm of an analytical
balance.

The tube is packed with the sample, and the density measured

to correct for any packing error.

It is positioned in the magnetic

field with one end of the sample tube in the center of the magnetic
field and the other end completely out of the field.
Letting the z axis be the tube axis, then the force in the z~
direction, due to the magnetization, is the integral of a unit volume
of force over the total volume, v, of the tube:
F

z

_
_
_2 _
=2fAv=Jfdv = ix/VHdv

(45)

_
*
since dv = A dz3 the force becomes:

F

■x*
2
n^l
= h x .[(<3H /dz)dz = £ A X J (<H ) =
z
z
o
2
-2
= I X A (H
-H )
1
zo

(46)

and (46) can be rewritten:

x -

2F
g z _g
A (Hzl - H Zq)
«

W )

and:
_2 „
Fz = y KH A = gAcu

(48)
*x*

where g is the gravitational constant, A

is the cross-sectional

area and AO) is the apparent change in weight observed upon application
of the field.
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The usual technique is to measure the force on a standard due
to a given magnetic field and to compare it with the force on an unknown
at the same field strength.

The susceptibility of the unknown may

easily be found after corrections have been made for the change in
density of the sample and also for the diamagnetic susceptibility of
its ligands.

This method is known as the Gouy measurement and it is

best for solutions and powdered samples.

There is always a diamagnetic

contribution to susceptibilities, because of the magnetic field on an
atom that tends to induce a current, which. means a change in the size
of the electronic orbit within the molecule under study.

The induced

magnetic field tends to push the sample out of the field and thus:

Xa = -

S
3m c 1
e

(1^9)
i

where r is the orbital radius of the electron, and n the number of
a
o
unpaired electrons.
Another method which is commonly used is the measurement of
the force on a small sample in a uniform magnetic field gradient.

If

the field gradient and sample volume are constant, susceptibilities
may be measured by reference to a standard.

This method is referred

to as the Faraday method and it is applicable to small samples such
as single crystals.

When a single crystal is used it is frequently

observed that the susceptibility is anisotropic, and must be treated
as a tensor.

For all except cubic materials the susceptibility is

non-isotropic.
Using as energy -M^H, the classical susceptibility expression
becomes;
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V

* = —
3kT

expressed as:

(50)
v

^eff =

B.M.

In 1905) P. Langevin derived this function, (50), which is used for
computing the mean magnetic moment of gas molecules that possess
permanent magnetic moments in a directing magnetic field.
mean-square magnetic moment

111

The root-

derived from quantum mechanics and

statistical mechanics is:

£ = 2pvte(S + 1)

where:

(51)

,
3 =

(52)
mee

For an atom with n unpaired electrons, S = n (l/2), and converts
(5l) into:
flin = 23/n{-g-)(n/2 + 1 ) = g/n(n + 2)

(53)

Similar calculations can he made for an ion with orbital
angular momentum as well as spin angular momentum. The total spin
plus orbit susceptibility expression becomes:

n B2 [s(S + 1) + L(L + 1)]

**

<*>

&

The effect of orbital angular momentum is to increase the net
susceptibility from that of the spin-only susceptibility.

11,41
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E.

Diffraction
Each atom in a crystal has the power of scattering an x-ray

"beam which is incident upon it because of an induced electric polari
zation in the matter which is parallel to the radiation field.

The

sum of all of the scattered waves in the crystal results in the x-ray
beam being, in effect,

reflected from each allowed crystal plane.

Every crystalline substance scatters the x-rays in its own unique
diffraction pattern, thereby producing a 11fingerprint" of its atomic
and molecular structure.

The intensity of each reflection provides

the basic information required in crystal structure analysis. One of
the unique features of x-ray diffraction is that components are iden
tified as specific compounds.
Since different atoms have different numbers of electrons, their
relative scattering varies, consequently, the crystal structure deter
mines the intensity and position of the diffracted beam.

Even when two

crystals have identical lattices, the kinds of atoms comprising them
may be different.

Each crystal species diffracts x-rays in a charac

teristically different way.

The identification of unknown compounds

from their x-ray diffraction diagram constitutes the most widespread
application of diffraction methods.
If the x-ray beam is monochromatic there will occur only a
limited number of angles at which diffraction of the beam will occur.
The actual angles are determined by the wavelength and the spacing
between the various planes of the crystal.
Since x-rays are electromagnetic waves of the same nature as
light, they can be diffracted in a similar manner.
diffraction by a grating:

The equation for
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n X =

a

can also tie applied to x-rays.

sin 0

(55)

In the simplest arrangement, the

x-ray beam is reflected from a plane crystal, and the wavelength, X,
selected by varying the diffraction angle 6 . Since waves reflected
at successive crystal planes must pass twice across the space between
planes, in diffraction equation (55) becomes the well known Bragg
12
equation:
n X = 2 d sin 9

(56)

where d is now the distance between adjacent planes in the crystal.
The x-ray patterns of crystals exhibit sharp peaks when plotted
against diffraction angle 29, thereby differentiating crystalline and
non-crystalline materials.

CHAPTER IV

RESULTS AND DISCUSSION

A.

General
The features characteristic of transition-metal chemistry are

exhibited by the elements extending beyond Group I H B through Group IB
in each of the three long periods of the Periodic Table.
Transition metal chemistry reflects a transformation from the
diffuse, excited, physicocheraically active orbitals to tightly-bound
orbitals in the Periodic System.

The relatively non-penetrating

(n - l) d electrons can vary from valence to core electrons depending
on the d electron ionization potential and the chemical environment.
There are three main topics in transition metal chemistry.
1) The first topic is concerned with a monotonous stabilization
of the (n - 1 ) d electron orbitals across each of the three transition
series.

These transformations occur most rapidly in the first transi

tion series, so that high-valence states are relatively more stable in
the second and especially the third transition series.
2) The second topic deals with the tendency of transition-metal
cations to form semi-covalent bonds. The extent of covalent bonding
depends very markedly upon the sizes and effective charges of the
transition-metal orbitals.
3) The third and last topic deals with the dependence of both
ionic and covalent energies upon the symmetry, proximity and intensity
of the field which is provided and imposed by the ligands or surround
ing ions.

As seen in the previous calculations, a transition-metal
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ion cannot be considered as a simple sphere interacting only electro
statically with its surroundings.

The interaction between a transition-

metal ion or atom and the field produced by its surroundings leads to
the most powerful applications of crystal-field and molecular-orbital
theories, which is the interpretation of spectra and the magnetic
properties of transition-metal compounds.

The distinctions between

crystal field and molecular-orbital approaches reflect the more general
distinctions between ionic and covalent bond models.

All recent cal

culations suggest that quantitative agreement with experiment cannot
be obtained from crystal-field theory alone.

Molecular-orbital calcu

lations potentially offer a more promising approach to the problem.
Experimental data is required before theories can be contrived
or validated, and this work provides this information for the com
plexes of triethanolamine presently under study.

b.

Physicochemical Data
l) Elemental Analysis and Physical Properties
The elemental analyses and physical characteristics obtained by

various analytical methods for the triethanolamine complexes of the
transition and representative metals from chromium to zinc are listed
in Table III.

The compounds are stable in air for some time, highly

crystalline, hygroscopic and brightly colored, except for the zinc
complex.

They are all somewhat soluble in low molecular weight

alcohols and partially decomposed by water and alcoholic solvents.
They melt at fairly high temperatures and in certain cases sublime.

TABLE III

MELTING POINTS» COLORS ARP ELEMENTAL ANALYSIS

or
Complex

THE COMPOUNDS

Melting Ranges

Colors

^C

jcC1

Cr(WTEH3)2 ci3

170-176

Blue- 6.13 31.5 6.57 23.4 11.4
Green * 6.09 31.5 7.37 23.0 10.8

Fe(NTEH3)2

155-156

Brown

Co(OT?EH3)2 Cl2

170-subl

Violet 6.52 33.6 7.14 16.6 13.6
* 6/19 33.4 7.14 16.5 13.0

Ni(NTEH2)(NTEH3 )0A<

152-157

Blue

6.75 40.4 7-95 0.00 14.1
*6.82 40.3 7*75 0.00 12.8

Ni(NTEH3)2 Cl2

230-234

Blue

6.56 33.8 7.01 l6.6 13.8
*6.50 32.8 7.39 16.8 13.8

cu(nteh3)2 Cl2

148-150

Green

6.46 33.2 6.94 l6.4 15.0
*6.07 32.0 7.04 16.4 15.2

cu2 (nteh2).
> Cl2

170-171

Green

5.64 29.1 6.00 14.4 25.6
*5.37 28.9 5.80 i4.6 25-6

Zn(HTEHp) Cl

232-236

White

5.60 28.8 6.01 14.3 26.2
* 5.61 28.8 5.91 14.3 26.2

cl3

Calculated $

* Found io

6.01 31.1 6.50 22.8 12.1
*6.10 30.4 6.96 21.6 13.0

73
2) Infrared Spectra
The vibrational spectra of these compounds have been measured
and three fundamental hydroxyl stretching bands identified in the
high energy region and assigned to normal modes.

The intramolecular

hydrogen bonding -which exists in the complexes causes a high frequency
band broadening and a shift of the absorption bands to longer wavek2
lengths.
In alcohols and phenols, which are hydrogen bonded in chelates,
the hydroxyl stretching vibrations occur in the range of 3200 to
2500 cm

(3.1 to i)-.0 microns).

The hydroxyl stretching frequencies

are also decreased by the proximity of adjacent electronegative sub
stituent groups In accord with theory.^5
Since the triethanolamine complexes exhibit pure intramolecular
hydrogen bonding, the number of coordinated and free hydroxyl groups
per molecule is fixed, as opposed to studies of hydrogen bonding with
free alcohols or phenols or acids which dimerize, trimerize or poly
merize as the concentration or solvent is changed.

The internal

constancy in the ratio of free to coordinated hydroxyl groups allows
quantitative determinations to be made of the number of free OH groups
present per mole of complex, from simple spectral parameters, as shown
in Table IV.
Two independent methods were used to define the coordination
numbers from the fundamental infrared stretching vibrations. The
spectra were made of the solid hexachlorobutadiene mulls.

Each of

these procedures Involved the determination of the band areas, by
graphical Integration.^’

^

The Lambert-Beer law was proved valid

7b

TABLE IV

RELATIVE VIBRATIONAL BAND AREAS FOR HYDROXYL STRETCHING VIBRATIONS
IN M(II) AMD Mflll) COMPLEXES

Complex
Total x
Area

K (v)dv
Areas

L e e

V i "

Areas

Cr(NTEH3 )2Cl3

6.0

1.8

Fe(NTEH3 )2Cl3

6.0

2.1

Co (n t e h 3)2ci 2

6.0

2.3

Ni(NTEH3 )(NTEH2 )0Ac

5.0

1.1

Ni(NTEH3 )2Cl2

6.0

1.9

c u (n t e h 3 )2ci 2

6.0

2.3

Cu (NTEH 2 )2C12

0.0

Zn(NTEHg) Cl

0.0

-1
E - Represents the free, 3^+00 cm1 "band area
H - B - Represents the hydrogen hound hand areas.
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in the first method, from an external calibration on the free hydroxyl
band areas.

19

The second of the two methods was internally consistent

since it utilized band area ratios of free to total hydroxyl stretching
band areas.
As shown in Table IV, the internal constancy in the ratio of
free to coordinated hydroxyl groups allows quantitative determinations
of the number of each to be made from simple spectral parameters.
Table IV is self explanatory in that it gives normalized relative band
areas for the hydroxyl stretching vibrations in the M(ll) and M(lll)
complexes.
The

infrared spectra are shown in Fig. 9*

The Fe(lll), Cr(lll),

Ni(ll), Co(ll) and Cu(ll) monomers show three H - X stretching band
components in the high frequency spectra as predicted by theory.

Only

the Cu(n) dimer and Zn(ll) monomer exhibit no free 3^00 cm ^ hydroxyl
bands, and
The

this can be observedIn the spectra and the data in Table IV.
far infrared spectrafor the Copper(ll) monomer and dimer

are given immediately preceding their high frequency counterparts, and
in each case tentative band assignments have been made for these
metal-ligand vibrations in Fig. 9*
3) Visible - Ultraviolet Spectra
The electronic spectra of these compounds under study have been
measured both in the solid state and solution.

Table V gives the band

positions of the electronic spectra for the solids and the solutions.
There is a distinct shift in the band positions between the solid and
the solution spectra of the nickel compounds which indicates ligand
displacement.

Both solution and solid spectra of the copper compounds

show the splitting of the lODq band due to the Jahn-Teller effect,
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Fig. 9. - Infrared hydroxyl stretching hands for free and hydrogen
hound groups in CrflJTEEo^CloJ Fe(HTEH-,)2Clq j Co(HTEH_)pClp;
Ni(NTEHq)oCl2; Ni(WTEHo j(MTEHg)OAc; CuQMflqJgCl^
J
Cu (M!EH272C12 ’ Zn(MTERp)Cl and far infrared spectra with
tentative hand assignments for CufNTEHqJgClg and
Cu^ (NTEHg)2Cl2 •
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(cf. Figs. *f, 5, 8 and 10).

The mull and the solution spectra of the

copper compounds show this unique intensity reversal between the lODq
band and the Jahn-Teller shoulder.

30

The band area reversal is due to

a change over from one static Jahn-Teller state 1, in the solid, to a
different static Jahn-Teller state 2, in the liquid, as the compressive
base strength of the axial field apparently decreases when the oxygens
from the solvent begin to loosen and to displace the nitrogen donors
from the d 2 level of the cation.
z

The solvent affects upon the nickel

and copper compound spectra result not only from the position of the
apical nitrogen in the spectrochemical series as a stronger base, but
also from the fact that the apical atoms interact most strongly with
the d 2, (E ), orbital and thus have a greater effect on the ground
Z

o

state symmetry, D^jfT^g), and therefore the spectro chemical differences
between nitrogen and oxygen are very greatly magnified.
The electronic spectrum of iron(lll) in the triethanolamine
complex is very interesting in the sense that the spectrum is very
much like that of the high spin manganese(il) complex, since both are
5
& systems; however, the d-d spectrum of the solid iron complex is
shifted towards the high energy region.
is assigned to the 20,800 cm ^ band, the

The

6
*f
Alg — *

transition

— > Ss^(D) transition is

assigned to the 27,800 cm-^ band, and the ^A-j_g ” *

transition

6
U
band, and the A_ — > A~ (Cf) transi-1
g
g
tion assigned to the *f3,lf00 cm
band. A number of additional bands

is assigned to the 33,*fOO cm

-1

appear to be submerged and completely unresolvable in the iron(lll)
spectrum between 27,000 and 3^000 cm \
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The spectral assignments for chromium(lII) and cobalt (II) are
not altered significantly from the hexaaquo spectra except for slight
frequency shifts.

The hands and spectral assignments for all of the

compounds are given in Tables V and VI, and Fig. 10.
Willet found that the magnetic criteria 'will not always be
successful in identifying a dimeric species.

He and Liles reported a

new band in the electronic absorption spectra of copper dimers in
addition to the normal charge-transfer and d-d transitions \rtiich is
characteristic of the chlorine-bi-bridged copper(ll) dimer.

They

found that in general, the electronic absorption spectrum of a ehlorobridged dimer is essentially the same as that of the corresponding
°

-1

monomer except for the existence of a 5300 A, or 19*000 cm

band

^3

This band is not present In the spectrum of the Cu^EITEHg^Olg dimer,
and the structure I is assigned to it which has been corroberated by
infrared frequency shifts, x-ray powder diffraction, elemental analysis
and magnetic studies.
bands.

The infrared spectra show no free hydroxyl

Compound I is not an amorphous material, because the x-ray

diffraction patterns are sharp, regular and intense, indicating a very
highly crystalline material.
The regular octahedral configurations found in the monomeric
Cr(lll), Fe(lll), Co(ll), Ui(ll) and Cu(ll) complexes are given by
the general structure II.
The Zn(ll) compound has the trigonal bipyramidal structure
given in H I .

TABLE V

ABSORPTION-BAND POSITIONS OF ELECTRONIC SPECTRA
FOR THE Mfll) AND Mflll) COMPLEXES

-1
Complexes

Cr(KTEH3)2Cl3

Fe(HTEH3 )2Cl3

Band Energies, cm

Phases
1 6 ,6 0 0 ;
1 6 ,6 0 0 ;

2 3 ,3 0 0 ;
2 3 ,3 0 0 ;

S

2 0 ,8 0 0 ;

27,800; 33,^00;
27,800

L

co(mteh3)2ci2

S
L '

Wi(MTEH3)2Cl2

cu(hteh3 )2ci2

Cu2 (TJTEH2 )2C12

1 2 ,5 0 0 ;
1 2 ,5 0 0 ;

18,200; 20,1+00
20,1+00

1 8 ,2 0 0 ;

L

11,000; 1 6 ,6 0 0 ; 27,800
10,000; 15,900; 2 5 ,0 0 0

S
L

11,000; 1 6 ,6 0 0 ; 27,800
10,000; 15,900; 25,000

S
L

9 ,8 0 0 ;
10,300;

S

9,900; 12,200
10,500; 1 2 ,5 0 0

S

L

Zn(NTEH^) Cl

1+5 ,1+00
i+5 ,Uoo

L

s

1 2 ,5 0 0
1 2 ,5 0 0

S
L

L - Refers to the liquid spectra, using ethanol as a solvent.
S - Refers to the solid state spectra, i.e. filter paper mulls and
reflectance.

TABLE 71

SPECTRAL ASSIGNMENTS FOR METAL COMPLEXES
OF TRIETHANOLAMIWE

Cation

Or(IH)

Transition

d3

M tH 20 )6Xm

V 2g (F)^. kT 2g(F)

Co(ll)

a5

a7

23,300

S g W " * UIlg(^)

37.000

45,14-00

^(S)-^

18.000

20,800

6A lg(s)^. \ ( D )

29,700

27,800

\

32.400

33,400

^AigCs )~> V g C G )

43.400

43,400

V ^ F ) - * kT2g(F)

8,000

12,500

19.600

18,200

g (P)

21.600

20,400

3A 2g(F)-^ 3T 2g (F)

8,700

11,000

3A2g(F)^. \ g(F)

14,500

16,600

3A 2g (F)-^ 3Tlg(P)

25,300

27,800

2Eg --- > 2T2g

12,000

12,500

g(S)^ \

Cu(ll)

a9

lg^ )

g (P)

g(F)-> kA 2g(F)

\(F)-> \

d8

^ ^
-1
16,600 cm

24.000

\

Ni(Xl)

-1

r>

uv

Fe(IIl)

17.000 cm
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U) Conductivity
The results of conductivity measurements are shown in Table VII,
and they lead to the assumption that these compounds are present in
solution predominantly as ionic compounds.

They behave as 1 : 3

electrolytes in the case of Cr(NTEH^^Cl^ and FefKTEH^JgClg; and

1 : 2 electrolytes in the case of CofHTEH^gCl^ an^ NlCWTEH^JgCl,,;
and nearly 1 : 1 electrolytes in the cases of NifMTEH^JCWTEHgJOAc,
Cu(ETEHg)2Cl2 and Cu2(ETEH2 )2C12 . The Zn(NTEH2)Cl is a non-electrolyte
which is very strong evidence for five coordination in this complex.
The unusually low value of molar conductances of the three

1;1 compounds may be due to a much lower degree of solvation of the
cations and a consequent lower order of separation of ions leading to
only a limited degree of ionization.

In the case of MfETEH^)(HTEH 2 )0A

anionic polarizability might be the contributing factor.
5) Magnetic Susceptibilities
All of these compounds are of the high-spin type as seen in
Table VIII.

The susceptibility is adequately described by the assump

tion that the ground state has orbital angular momentum contributions
In the cases of cobalt, nickel and the monomeric copper complexes,
and the experimental values are of the same order of magnitude as in
the other high-spin complexes of these metals.

The experimental value

of the moment seems to be unusually low for the iron (ill) complex.
The value of 3.0^ B. M. for the copper dimer may be explained by
assuming that some type of weak metal-metal interaction exists, which
cannot, however, be confirmed until an x-ray single-crystal analysis
has been performed.

TABLE VII

COMBUCTANCE PROPERTIES OF THE M(ll) AND M(lll) COMPLEXES IN ETHANOL

2.
Q,
Molar Conductance, cm /ohm M , in ethanol

Complex

Cr(liTEH3 )2Cl3

---------------------------96

Fe(HTEH3 )2Cl3 ------------------------------

95

co(nteh3 )2ci2

55

...........

Ni(NTEH3 )2Cl2 ..........

50

I'll(NTEH )(lTTEH_)OAe
3
2

17

............

cu(hteh3 )2ci2 ------------------------------- 16
Cu2(WTEH2 )2Cl2 --------------

Zn(HTEK2 )cl ---------

**3
o
a for ca. 10
molar solutions at 20 C.
is Nal, 35 cm2/ohm mole.

20

5

Reference value in ethanol

TABLE ‘VIII

MAGNETIC BATA FOR THE M(ll) ARB M(lll) COMPLEXES IN THE SOLID STATE

Complex

|i eff., B. M.

Cr(NTEH3)2Cl3

3-^0

Fe(NTEH3)2Cl3

3-89

co(uteh3 )2ci2

^.98

Ni(HTEH3 )(ETEH2)OAe

3-70

Ni(NTEH3 )2Cl2

3-52

cu(hteh3 )2ci2

2.30

cu2 (hteh2 )2ci2

3 .0^

Zn(NTEH2)ci

Siam.

Reference value, 5*10 B.M. and X 2qO = 32.3 x 10

FeCNH^gCSOj^g-fi^O

for
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6 ) Diffraction
The x-ray powder spectra reveal a high order of crystallinity
in all of these compounds and the complete absence of any broad
amorphous bands. All of the powder diffraction patterns yield sharp,
regular and intense lines as functions of the goniometer setting, 20 .

CHAPTER V
CONCLUSIONS

This work has provided an extended study of the polydentate
"hybrid" ligation alcohol-amine complexes of the first row transition
and representative, or post-transition, metals using triethanolamine
as a ligand.
In these studies the combination of experimental techniques
and quantum theories goes beyond the simple bulk properties of these
materials and gives direct insight into their atomic and molecular
properties and processes.
Crystal field theory is used to explain the vibronic spectra
of these complexes, while keeping in mind that the concepts of quantum
mechanics in all cases are characterized by total retrospection and
regression to experiment.
Electron spin-charge correlations, crystal field interactions,
and exchange repulsions, and Pauli forces defining the ultimate para
magnetic ground states, and Jahn-Teller structural instability, exist
and are observed in the spectra of these complexes.

The Jahn-Teller

structural instability is strongly operative for the octahedral Cu(ll)
complexes, because in 0 geometry the ground state is
n

g

, and since

nearly all of the octahedrally coordinated complexes of Cu(ll) possess
the pseudo

structure, this is taken as proof that the Jahn-Teller

effect exists in these complexes.

A small "pseudo" Jahn-Teller

splitting takes place in the octahedral Co(H) complexes, since the
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nearest level with which the ground state may mix under a vibrational
,
-1
31
perturbation is only placed some 400 cm
above it.

Because of

their distinct electronic and vibrational structures, these complexes
are very important in the elucidation of both the crystal and solution
chemistry of the metals and ligands involved.
The physical principles and limitations of the spectra and
associated experimental physicochemical techniques have been examined
in detail.

While ESR and Raman spectra of complex ions are at times

very useful and informative, the infrared and electronic spectra are
presently the chief source of data.

From these measurements have been

obtained the precise geometric coordination numbers and the normal
coordinate analysis.

Magnetic, conductance and x-ray powder diffrac

tion data are all in accord and they complete these studies.
In this work, the Pauli and crystal field forces are found to
be the most important factors in defining the configurational insta
bilities and structures of transition and post-transition metal
complexes.
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